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Abstract 
A high performance membrane based on polyvinylamine composite material has been reported with Fixed-Site-
Carriers (FSC) for CO2 transport. This polyvinylamine based FSC membrane has a promising performance of high 
permeance as well as high selectivity and gives high potential to be applied for the post combustion CO2 capture 
where the driving force has been generally considered to be too low for membrane application. The membrane has 
been tested in both lab & pilot scale facilities and investigated further for evaluation by modelling and simulation, 
and its robustness against the toxic contaminants (SO2, CO and NOx) was reported in the previous GHGT-10. 
The chemical form of polyvinylamine changes with pH of the cast solution. The ratio of free amine group and the 
corresponding ammonium salt depends on pH of the cast solution. Furthermore the overall solubility of CO2 in the 
membrane increases as the pH increases. The membranes prepared from cast solutions of different pH have been 
characterized and tested for CO2 capture from post combustion gas.  
Permeation tests of membranes of different pH cast solutions have shown that the performance of the polyvinylamine 
composite membrane could be much affected and even enhanced remarkably by pH control. The performance 
increase was clearly pronounced when the post combustion gas contained more water molecules at higher level of 
humidity. According to the proposed mechanism of reaction for CO2 facilitated transport, water promotes the 
transport of CO2 by participating in the reaction as well as increasing the mobility of the transportation. 
The enhanced performance of the membrane at higher pH can be explained with regard to the increased number of 
free amino groups available on the polymer backbone chain for facilitated transport of CO2 or the degree of 
ionization of the functional groups. The increased CO2 solubility in the membrane at higher pH condition also 
assumed to contribute to the enhanced performance. At lower pH, the decreased number of free amines and the 
increased viscosity of casting solution have resulted in the decrease in membrane performance.  
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1. Introduction 
The intrinsic simplicity of membrane CO2 separation suggests many advantages compared with the 
amine CO2 absorption technology such as expected lower energy consumption, reduced equipment size, 
reduced footprint, etc. in addition to its environmental friendliness. However the trade-off between flux 
and selectivity has made it difficult to apply membrane technology for large scale commercialization even 
though the membrane gas separation is already a proven technology. 
A high performance membrane based on polyvinylamine composite material which adopted Fixed-
Site-Carriers (FSC) for CO2 transport has been developed [1, 2]. Carrier facilitated transport membrane 
incorporates a carrier in the membrane which will react reversibly with one specific component in the 
feed gas. The reversible reaction between the carrier and CO2 enhances the transport of CO2 across the 
membrane. In this FSC composite membrane, the amino group is covalently bonded to polymer backbone 
giving a good stability and the amino group reacts with CO2 reversibly in the presence of water vapor in 
the post combustion gas, and the transport of CO2 is even more enhanced by enhanced mobility of CO2 in 
the water vapor swollen membrane.  
This polyvinylamine based FSC membrane has a very promising performance of high flux as well as 
high selectivity in favor of CO2 where the well-known trade-off does not apply any more and it is 
believed that this high performance will make it suitable to be applied for the post combustion CO2 
capture where the driving force has been generally considered to be too low for membrane application 
due to the low CO2 concentration and the near atmospheric pressure. For a successful application in 
commercial scale, the membrane has been tested in both lab & pilot scale facilities, and investigated 
further on the influence of process parameters for evaluation of energy demand, equipment sizing and 
CO2 capture cost by modeling and simulation [3, 4].  
In the last GHGT-10, a remarkable robustness of this membrane against the toxic contaminants in the 
post combustion gas such as sulfur dioxide (SO2), carbon monoxide (CO), nitrogen oxides (NOx), fly ash, 
etc. has been presented together with scale-up challenges from lab experiment to larger scale test at pilot-
commercial facilities [5]. Recently we found that the performance of the FSC composite membrane could 
be influenced significantly by pH of the cast solution during our process of optimization of the membrane 
preparation.  
The chemical form of polyvinylamine changes with pH.of the cast solution. The ratio of free amine 
group and the corresponding ammonium salt depends on pH of the cast solution. Furthermore the overall 
solubility of CO2 increases with pH increase. The titration test of the cast solution showed that it had a 
steep titration curve and the pH of the cast solution needed to be handled cautiously during the whole 
membrane preparation procedures in addition to other control parameters. 
The membranes prepared from cast solutions of different pH have been characterized and tested for 
CO2 separation from post combustion gas. The post combustion gas has usually quite high humidity or it 
is almost fully saturated with water vapour. According to the proposed mechanism of reaction for CO2 
facilitated transport [1], water promotes the transport of CO2 by participating in the reaction as well as 
increasing the mobility of the transporting. In this series of experiments the relative humidity in the post 
combustion gas was carefully controlled at different levels from 50% to full saturation level to investigate 
the effect of water vapour on the membrane performance. 
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Permeation tests of membranes of different pH cast solutions have shown that the performance of the 
polyvinylamine composite membrane could be much affected and even enhanced remarkably by pH 
control. This performance increase was even more clearly pronounced when the post combustion gas 
contained more water molecules at higher level of humidity. 
In this report CO2 separation performance for CO2-N2 mixture gas (post combustion gas) of the FSC 
membranes prepared from different pH cast solutions at different level of water vapor humidity and feed 
pressure is presented. The results are explained with regard to the changed number of free amino groups 
available on the polymer backbone chain for facilitated transport of CO2 at different pH or the degree of 
ionization of the functional groups, the pH of the cast solutions, influence of pH on the reaction of 
carriers with CO2 and the solubility of CO2 in the FSC membrane as well as the important role of water 
vapour. 
 
2. Experimental 
2.1. Preparation of PVAm/PSf membrane 
The PVAm composite membrane was prepared by casting a polyvinylamine (PVAm) solution onto a 
commercial PSf (polysulfone) ultrafiltration membrane (Alfa Laval AS). A commercial PVAm 
(Lupamine™) was kindly provided by BASF AG, Germany. The commercial PVAm was purified by re-
precipitation and dissolved in water to a suitable concentration at 0.2 to 1 wt % for casting on PSf. The 
pH of the casting solution was adjusted to 4, 7, 9 and 12 by adding dilute aqueous HCl or KOH. The 
membrane was then dried and post-heat treated as in previous reports [1-2]. The prepared membranes 
were analysed by SEM (Scanning Electron Microscopy on a FESEM device, Zeiss Ultra 55, Limited 
Edition using a secondary electron (SE) detector). 
2.2. Permeation experiment 
The FSC membranes of different pH:s were tested with an experimental set-up as shown in Fig. 1. 
The feed gas was supplied from a pre-mixed gas cylinder (10 vol% CO2 in CO2/N2 gas mixture, Yara 
Praxair AS). The sample membranes (diameter 67mm, usually 2-3 cuts from different spots) were cut 
from the larger membrane of different pH:s prepared in the lab. A sample cut of a flat sheet PVAm 
membrane was mounted between the feed and permeate chamber in a small typical lab scale membrane 
module. The membrane module with the membrane sample cut was then installed in a thermostatic 
cabinet. The feed and sweep gases were humidified with water vapour in all operations. Water 
humidification of the gases was accomplished by bubbling the gases through a water-filled bottle before 
entering the membrane module. A bypass line was used to adjust the humidity of the feed gas. 
Composition of the permeate gas was analysed online by a gas chromatograph equipped with a thermal 
conductivity detector (MicroGC3000, Agilent). 
 
Permeation experiments were carried out at feed gas pressure of 1.1bar and 5bar at 35°C. The relative 
humidity of the feed gas was controlled in the range of 35-95 %. The separation performance (permeance 
and selectivity) under a certain set of conditions was recorded at least 6-8 times and usually the last 3-4 
recordings could be used for a result after the system was stabilized such that the standard deviation of the 
last 3-4 recordings became less than 10%.  
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Fig. 1. An experimental set-up for flue gas permeation testing. 
 
3. Result and discussion 
3.1. SEM 
All the FSC-membranes were characterized by SEM (Scanning Electron Microscopy) to investigate 
the surface and thickness of the PVAm selective layer. The thickness of the top layer (PVAm) was 
usually between 0.8-1.2 m. All the membranes cast from 7 to higher pH casting solutions were smooth 
except the membrane from pH 4 cast solution. The surface of the pH 4 membrane had small lumps and 
irregularity on the membrane surface. In Fig. 2 the surfaces of membranes from pH 4 and pH 12 cast 
solutions are compared. The increased viscosity of the solution at pH 4 made it difficult to form uniform 
surface. It is assumed that the increased viscosity is due to increased interaction between the charged 
polymer chains and dissolved ions [6]. It was expected that the presence of such surface defective 
irregularities would influence negatively on the separation properties. 
3.2. Permeance and selectivity 
Table 1 clearly shows that both permeance and selectivity increase with increasing pH of the casting 
solution. The performance increase is more pronounced when the feed gas contains more water molecules 
at higher level of humidity. 
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The water takes part in the CO2-transport mechanism by reacting with dissolved CO2 to form 
bicarbonate and regenerating the amine and CO2 which is supposed to be released out at the other side of 
the membrane [1]. The water also acts as a solvent for both the amine carriers and CO2. At higher relative 
humidity more water condenses and then more dissolved CO2 can exist for transportation in the 
membrane. The increased amount of water increases the mobility for gas transportation as well. So the 
performance of the FSC membrane is expected to increase with water vapour saturated post combustion 
gas. 
 
 
 
 
 
 
 
 
  
                                             (a)                                                                                      (b)  
Fig. 2. SEM images of PVAm FSC membrane prepared from (a) pH 4 and (b) pH 12 cast solutions. 
 
Table 1. Performance test result of PVAm FSC membranes prepared from different pH casting solutions measured at 
35oC (feed gas composition: 10% CO2 in N2 balance, permeance in m3(STP)/m2•bar•hr)  
pH 4 pH 7 pH 9 pH 12 
Feed gas 
pressure 
Relative humidity 
in feed gas 
Permeance/selectivity Permeance/selectivity Permeance/selectivity Permeance/selectivity 
50% 0.06 / 32 0.06 / 72 0.10 / 83 0.15 / 91 
1.1bara 
90% 0.20 / 94 0.40 / 127 1.31 / 209 7.3 / 741 
50% 0.07 / 22 0.07 / 68 0.11 / 67 0.16 / 73 
5.0bara 
90% 0.14 / 38 0.20 / 85 0.37 / 86 0.47 / 91 
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At over 90% relative humidity range a drastic increase in CO2 permeance to over 7m3(STP)/m2 bar hr 
is observed when the pH of the casting solution changes to pH 12. The change of selectivity of CO2 over 
N2 is also drastic from about 90 to over 700 at 1.1bar feed pressure. At high feed pressure at 5bara, the 
membrane performance decreases both in permeance and selectivity. This is due to the saturation effect of 
the carriers which is known to be typical for the facilitated transport membrane. 
It is well known that the number of free amine groups without protonation increases with increasing 
pH in PVAm as shown in Fig.  3 [7-8]. According to the CO2 transport mechanism in facilitated transport 
membrane the free amine groups react with CO2, which means the increased possibility of reaction with 
CO2 by increased number of the free amine groups at higher pH under humidified condition. Meanwhile 
at lower pH more amine groups exist as ammonium salt form (protonated), which means much less 
reactive towards CO2. It is also well known that the aqueous solubility of CO2 is higher at higher pH as 
shown in Fig. 4 [9]. So it is expected that the water swollen membranes prepared from pH 12 casting 
solution will absorb more CO2 than membranes prepared from pH 4 casting solution, which eventually 
can contribute to the increased CO2 transport at higher pH condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Change of the chemical structure of PVAm according to pH condition. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The increase of total CO2 (aq) concentration with the pH due to an increase in HCO3-[9]. 
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It needs to be pointed out that the transport of N2 over the membrane is not affected by the pH change 
because there is not any relevant mechanism for N2 transportation under this condition change, which 
resulted in the drastic increase in selectivity for CO2. 
4. Conclusion 
The performance of polyvinylamine (PVAm) Fixed-Site-Carrier (FSC) membranes was investigated 
as a function of pH of cast solution, relative humidity in feed gas and feed gas pressure. Both permeance 
and selectivity increased notably with the increase of pH of the cast solution thanks to the increase in the 
amount of free amine groups available for reversible reaction with CO2 at higher pH. The water in the 
feed gas has important roles in the CO2 carrier facilitated transport membrane by participating in the CO2 
transport mechanism and working as a solvent for CO2 dissolution. The aqueous concentration of CO2 in 
the membrane increases with pH increase, which can also enhance the membrane performance. The 
facilitated transportation of CO2 was reduced at higher feed pressure condition due to the saturation of 
CO2 carriers. 
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